Abstract In this study we investigated the effect of flow and the associated shear stress on the process of endothelial cell division. A shear stress of 7 N/m 2 (70 dyne/cm 2 ) was applied to a monolayer of bovine aortic endothelial cells (BAECs) by using a parallel-plate flow-chamber system. Dividing cells under flow conditions were qualitatively compared with those under static-culture conditions. In addition, the duration of some phases of the cell cycle (ie, mitosis and cytokinesis) was measured for both static and flow conditions. Dividing BAECs in static cultures bowed upward; however, when cells were preconditioned by at least 6 hours of exposure to flow, they stayed relatively attached to the substrate during the entire V ascular endothelial cells (ECs) line the inside of blood vessels and the chambers of the heart. The endothelium, a selective barrier between blood components and the vessel wall, interacts actively with both of them.
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Abstract In this study we investigated the effect of flow and the associated shear stress on the process of endothelial cell division. A shear stress of 7 N/m 2 (70 dyne/cm 2 ) was applied to a monolayer of bovine aortic endothelial cells (BAECs) by using a parallel-plate flow-chamber system. Dividing cells under flow conditions were qualitatively compared with those under static-culture conditions. In addition, the duration of some phases of the cell cycle (ie, mitosis and cytokinesis) was measured for both static and flow conditions. Dividing BAECs in static cultures bowed upward; however, when cells were preconditioned by at least 6 hours of exposure to flow, they stayed relatively attached to the substrate during the entire V ascular endothelial cells (ECs) line the inside of blood vessels and the chambers of the heart. The endothelium, a selective barrier between blood components and the vessel wall, interacts actively with both of them. 1 ECs also secrete vasoactive substances (eg, histamine, prostacyclin, and endotheliumderived relaxing factor) and extracellular matrix proteins (eg, fibronectin and glycosaminoglycans).
The role that the endothelium plays in the genesis of atherosclerosis has also been recognized. 2 Initiating events include intimal smooth muscle cell (SMC) migration and proliferation; synthesis and deposition by SMCs of connective tissue matrix proteins, including collagen, elastin fibers, and proteoglycans; and accumulation of lipids within proliferating SMCs and macrophages, which become foam cells, as well as newly formed connective tissue matrix. In the early stages of atherosclerotic disease, the endothelium is intact but is believed to be a mediator of effects associated with blood flowing through a vessel. This includes hemodynamic effects. It has been shown that hemodynamic features and lesion location are correlated, with the location of atheromas usually at sites where shear stress is low and oscillates with a high residence time. 3 Several studies have shown that endothelial morphology is an indicator of the pattern of blood flow. 46 In vivo permeability experiments with Evans blue dye have shown that ECs are more permeable to macromolecules at sites that are prone to the formation of atherosclerotic lesions. 710 These so-called "blue sites" appear to be correlated with an increased rate of EC proliferation; ie, the "leaky" cells appear to be ECs that are undergoing cell division.
11 ' Unfortunately, in vivo studies of ECs do not provide an easily controllable flow environment; however, in vitro experiments, in which cultured ECs are exposed to well-defined flow conditions, have led to extensive study of the effects of flow and the associated shear stress on ECs. Bovine aortic endothelial cells (BAECs) and human umbilical vein endothelial cells become elongated and align with the direction of flow when subjected to a steady, laminar shear stress. 13 " 15 Other functions of ECs are also greatly altered by exposure to flow.
" 20
Another important observation is that shear stress decreases the proliferation rate of ECs. 16 Initial results on cell density have been subsequently substantiated by [ 3 H]thymidine incorporation and flow cytometry for both subconfluent and confluent BAECs exposed to various shear stress levels for 24 hours. 21 Knowing that flow alters the rate of EC growth, we performed this research to study the influence of laminar flow and the associated shear stress on the process of EC division, which was visualized to compare cells both in static culture and under flow conditions. The process of cell division was characterized, and the duration of various phases of the cell cycle was measured for static cultures and for cells in a flow environment.
Methods
BAECs were provided by Dr EA. Sprague (University of Texas Health Science Center at San Antonio). BAECs were harvested from bovine aortas by the technique of Schwartz. 22 Cells used in these experiments were those in passages 7 to 15. The cells were grown in tissue-culture dishes (Fisher Scientific) and fed with Dulbecco's modified minimum essential medium (DMEM, GIBCO) supplemented with 10% fetal calf serum (Sigma Chemical Co), penicillin/streptomycin (GIBCO), and L-glutamine (GIBCO). Confluent cells were detached by exposure to a solution of txypsin-EDTA (Sigma) for 5 minutes. The cells in suspension were spun at 900 rpm for 5 minutes and the supernatant was discarded. The pellet was resuspended into fresh medium and plated at a dilution of 1:3, vol/vol-For the experiments, BAECs were plated on tissue-culture slides oh-tained by cutting out the bottom of a tissue-culture dish. The slides were sterilized by exposure to UV for 1 hour on each side. The medium used for experiments was DMEM with 10% calf serum. Experiments were conducted when cells were nearly confluent but not quiescent. At that time the cells were observed by phase-contrast microscopy to be a complete monolayer, in which all cells were in contact with each other but still undergoing mitosis.
A wall shear stress of 7 N/m 2 was applied by using a parallel-plate flow chamber connected to a flow loop. The flow system consisted of two reservoirs and a damping bottle. The fluid was driven by the pressure drop between the upper and lower reservoirs. A peristaltic pump returned the medium from the lower to the upper reservoir. The cells were kept at 37°C by wrapping a heating cord around the tubing between the upper reservoir and the flow chamber. A mixture of 95% air/5% CO 2 was provided to the medium to maintain a constant pH of 7.2. Before each experiment the flow loop was washed with 7x detergent and rinsed with tap water and then distilled water. The dried apparatus was then assembled and autoclaved for 35 minutes at 115°C.
The flow chamber, which consisted of a tissue-culture slide on which the cells were grown, was positioned in an aluminum box. A rectangular piece of Mylar polycarbonate, 250 /im thick with a 5.3x2.1-cm opening, was placed on top of the slide and covered by a second piece of transparent polycarbonate (Almac Plastic) with two slots on each side. A third piece, composed of Delrin plastic (Almac), was added. Finally, the top of the aluminum box was secured with wing nuts to the bottom.
The value of the shear stress T was determined from the equation
where /i is the viscosity of the medium; b and h are the width and height, respectively, of the flow channel"; and Q is the flow rate, which was measured with a rotameter (Omega).
Cell division was viewed through a Nikon microscope and recorded with a video camera (Dadge-MTl), a videocassette recorder (Panasonic), and a black-and-white monitor. Shear stress experiments were conducted by placing the flow chamber directly on the microscope stage. For static-culture experiments, a 100-mm-diameter tissue-culture dish underneath a transparent polycarbonate chamber was positioned on the microscope stage. The polycarbonate chamber allowed us to maintain an atmosphere of 95% air/5% CO 2 . The temperature of the cells was kept at 37"C with an air-curtain incubator and checked regularly with a probe located inside the chamber.
Time-lapse videos of one field of view were taken for 48 hours (two tapes) for each condition (static and shear). Then each videotape was reviewed using the following protocol to qualitatively analyze the process of the cell cycle and to measure the duration of each mitotic phase and of cytokinesis. The first step was to define the beginning of anaphase by finding the moment when the two sets of chromosomes separated. Just before the end of chromosomal migration, the cell membrane started to contract, indicating the initiation of cytokinesis. Telophase was more difficult to determine; however, the beginning of telophase was generally identified by a reorganization of chromosomes into nucleoli. Hence, the beginning of telophase occurred when the chromosomal configuration changed. After these three phases were identified, the videotape was rewound until we found the moment when the chromosomes began to reorganize and the metaphase plate began to form, which was usually easily recognized. A decrease in these chromosomal movements signaled the end of prophase and the beginning of metaphase. The videotape was rewound again until the nuclear membrane could be seen. This point in time was very difficult to distinguish, and many reruns of the videotape were necessary to locate this moment. Prophase was defined by disappearance of the nuclear membrane. The beginning of prophase was identified by the transition from distinct to diffuse nucleoli. Intranuclear movement could be seen from the beginning of prophase. The last step was delineating the end of cytokinesis, characterized by active spreading of the daughter cells, which darkened and increased in surface area.
F-actin was visualized with the fluorescent dye rhodamine phalloidin. The cells were fixed with a solution of 4% formaldehyde (Fisher) for 10 minutes and rinsed with phosphatebuffered saline, and the cell membrane was permeabilized by treatment with 0.1% Triton x-100 for 5 minutes. The slide was then rinsed with phosphate-buffered saline, dried, and incubated for 30 minutes in the dark with a 1:100 solution of rhodamine phalloidin (200 U/mL, Molecular Probes). The slide was rinsed, mounted with a coverslip and Aquapolymount resin (Poh/sciences), and stored at 4°C in complete darkness. F-actin was visualized at 546 nm with a 40 x or 100 x fluorescence objective on a Nikon microscope.
Results
In the first part of this investigation, the process of cell division was characterized qualitatively for ECs both in static culture and under flow conditions. For cells in static culture two different processes were observed during cell division. At all times, the beginning of cell division was marked by slight cell detachment from the substrate during prophase, which produced a visible, white "halo" at the cell periphery. In some cases the area of cell adherence decreased suddenly at the beginning of prophase but became completely round during anaphase and cytokinesis. At other times no sudden detachment from the substrate was observed; instead, progressive bowing upward of the cell occurred until the beginning of cytokinesis. Finally, during and after cytokinesis, the cells reattached rapidly to the substrate and spread to fill the gaps formed during division. The kinetics of cell detachment was dependent on the size and degree of cell spreading. If the cell was larger than usual, then its borders detached suddenly. Otherwise, upward rounding of cells always occurred progressively. For all static cultures in which cell division was seen, the cells became completely rounded in anaphase and during cytokinesis (Fig 1) . At these times it was then possible to completely detach the dividing cells by slightly shaking the tissue-culture dish, thus indicating very weak cell adhesion to the substrate.
When flow was initiated the cells assumed a polygonal shape, and those cells in the process of division bowed upward as they had during static culture. In 4% to 5% of instances, dividing cells became detached from the substrate owing to the force of flow. After 2 hours of exposure to shear stress, no further morphological change was observed. Cell division still occurred as it had in static culture, but the process of cell reattachment after cytokinesis was more active than under static conditions; ie, a higher rate of pseudopod extension outside the cells was observed. However, some instances of cell division occurred with no real upward bowing of the cells, ie, with only slight cell detachment during prophase.
After 5 or 6 hours the cells appeared somewhat elongated and aligned with the direction of flow. No cells were seen undergoing detachment during cytokinesis. At this time the process of cell division changed FIQ 1. Phase-contrast photomicrographs of a bovine aortic endothelial cell in static culture (arrows) in prophase (A), in metaphase (B), during cytokinesis (C), and after division (D). Bars=20 /nn. (Fig 2) : dividing cells retained their elongated shape and the cytokinetic furrow was always perpendicular to the direction of flow. At the beginning of prophase, a white halo, indicative of slight cell detachment, appeared. The brightness of this halo increased slowly but steadily until anaphase. The middle of the cell became more detached than the extremities, producing a lenticular cell shape. During cytokinesis both daughter cells extended pseudopods, first at the downstream end of the cell and then in all directions during the reattachment that preceded the end of cell division (Fig 3) . The process of pseudopod protrusion and retraction was very extensive and rapid, as shown in Fig 3. Some pseudopods extended as much as 10 jum in 10 seconds and took the same time to retract. This spreading process usually took one to two times as long as the total duration of cell division and stopped when all intercellular gaps were filled. Conservation of the elongated shape was variable and appeared to depend on the parent cells. Sometimes the parent cell remained completely elongated for the duration of cell division, and hence, daughter cells were also elongated. At other times, elongation of the parent cell decreased slightly before cytokinesis, thereby forming intercellular gaps. In these instances, the daughter cells were initially slightly less elongated but became more so thereafter.
Figs 1 and 2 show a decrease in the projected area for dividing cells under both static-culture and shear stress conditions. This decrease was generally associated with the formation of gaps between the dividing cell and its neighbors. The area increased again after cytokinesis, indicating subsequent filling of available intercellular space. The observed decrease in area implied that the cell surface bowed upward during cytokinesis, even when the cell stayed attached to the substrate, as in the case of elongated cells under flow conditions. This phenomenon was documented by using three-dimensional light microscopy with a Nomarski objective: Fig 4 shows that dividing cells under flow conditions are less bowed than those in static culture. After cell division, cells in static culture as well as those exposed to shear stress became reattached and assumed a flatter shape.
Photomicrographs were taken of F-actin in dividing cells. For BAECs in static culture, F-actin formed a dense, peripheral band of randomly oriented microfilaments around the cell membrane. The F-actin cytoskeleton was altered during prophase, metaphase/anaphase, and cytokinesis. The beginning of mitosis was characterized by changes in F-actin microfilaments, which became very diffuse, and the disappearance of stress fibers. Increases in actin were also detected at the periphery of dividing cells. The photomicrographs also clearly show detachment of the cell from the substrate and its neighboring cells and microfilaments that connect the dividing cell to its neighbors. During anaphase and cytokinesis, the still-diffuse F-actin was concentrated near the cleavage furrow, although some was still present at the cell periphery. After cytokinesis, F-actin was observed at the periphery of daughter cells, but no stress fibers were yet observed. Both daughter cells were out of the plane of focus of their neighbors, showing bowing upward of the cells during and after cytokinesis.
In BAECs exposed to a shear stress of 7 N/m 2 for 24 hours, disappearance of the dense, peripheral band and appearance of F-actin micTofilaments were observed. These microfilaments formed stress fibers that were distributed throughout the cytoplasm and were aligned with the major axis of the cell, parallel to the direction of flow. In cells undergoing mitosis, F-actin became very diffuse, as it had in static-culture cells (Fig 5) . F-actin was also found at the periphery of cells. The shape of cells subjected to shear remained very elongated, and only a few microfilaments that connected the dividing cell to its neighbors were observed. During cytokinesis the dividing cell under flow conditions was in approximately the same plane of focus as its neighbors, indicative of only slight cell detachment from the substrate. This finding is in contrast to that of dividing cells in static culture, for which a significant change in the plane of focus was noted. F-actin was concentrated near the cleavage furrow of cells subjected to shear, as it was for cells in static culture. In all photomicrographs, no F-actin was detected in the area of the chromosomes.
In the second part of this investigation, the duration of the various phases of cell division was measured for cells both in static culture and under flow conditions (Fig 6) . The lower right panel of Fig 6 represents the sum of four experiments, for which 15 to 20 dividing cells in static culture and 20 to 25 dividing cells under shear stress were observed. The upper left panel shows the results of the first experiment; the upper right, the second; and the lower left, the third and fourth combined. In most experiments, several statistically significant changes were observed in the duration of phases of the cell cycle between cells exposed to shear stress and cells in static culture. However, the results were highly variable: in some experiments, for example, an increase in the duration of cell division was observed, while in others a decrease was seen. When the results of all experiments were combined and averaged (more than 80 cells for both conditions), no change in the duration of the cell cycle or of the individual mitotic phases was observed (Fig 6, lower right) . If each cell is grouped according to the numerical value of the duration of the cell cycle and if the number of cells in each group is plotted against time (duration) for both static and shear conditions, the histogram obtained looks like a normal distribution in both cases. Finally, the duration of each phase of the cell cycle was plotted against the duration of exposure to shear stress (Fig 7) . (In the four graphs, values for dividing cells in static culture were plotted as initial time points.) It appears that the duration of exposure to shear stress does not influence either the duration of individual mitotic phases, cytokinesis, or the total time required for the cell cycle.
Discussion
Although the processes of mitosis and cytokinesis in mammalian cells have been extensively studied, the process of EC division has never been examined in detail, especially in vitro under flow conditions. The results show that division of ECs occurs in a different manner, ie, displays different changes in morphology, depending on whether the cells are in static culture or reside in a flow environment. The fact that ECs under flow conditions are subjected to a tangential shear stress that tends to detach the cell from the substrate may explain these differences.
The "textbook" scenario is that during cell division, mammalian cells bow upward and that during this process they become detached from the substrate. 23 The results of this study show that polygonal ECs in static culture do so during division and thus are typical of a dividing mammalian cell. However, static-culture conditions do not accurately simulate the in vivo environment, in which, with the exception of low-shear regions, ECs appear to be elongated. We hypothesize that cultured ECs that are elongated after exposure to flow are more like those found in vivo. In this case ECs do not bow upward but remain relatively flat throughout the duration of cell division.
In vitro studies of BAECs exposed to shear stress have demonstrated that elongated cells aligned with the direction of flow develop stress fibers composed of actin filaments, 17 ' 18 which cause an increase in cell stiffness. Since focal contacts, which play a role in cell adherence to the substrate, are associated with actin microfilaments, we speculate that elongated BAECs under flow conditions adhere more firmly to the substrate. The fact that cells in culture under shear divide without bowing upward may be consistent with the cytoskeletal alterations that have occurred during exposure to flow.
Particularly noteworthy are the two following observations. First, exposure to flow did not alter the duration of each phase of mitosis and cytokinesis. Neither did the duration of exposure to flow have a major effect on mitotic phase duration or cytokinetic duration. This implies that although the morphology associated with cell division changes dramatically when ECs are exposed to shear stress, which we suspect is associated with pro prom met ana telo cyto total pro prom met ana telo cyto total pro prom met ana telo cyto total pro prom met ana telo cyto total localization of F-actin, the timing of specific mitotic events is the same. It should be noted that greater variability in the duration of certain phases, eg, prophase or metaphase, was observed in the first experiment. This variability is responsible for the high values of the SD shown in Fig 6 (upper left) . The same trend, however, was not observed in subsequent experiments. In the experimental procedure used here, analysis of only 20 cells per experiment for a total recording time of 48 to 72 hours was performed. It is possible that analysis of more cells per experiment might lead to a statistically significant difference in duration between cells in static culture and those exposed to flow. Flow-cytometry studies have shown that exposure to a laminar shear stress decreases the rate of growth of BAECs by increasing the duration of the G o /G, phase and inhibiting initiation of the S phase. 21 The mechanism responsible for this change in the cell cycle is not well understood, but there is some indication that cell proliferation is related to cell shape. In particular, in vivo studies suggest a lower EC growth rate in regions characterized by high shear stress as opposed to regions of low shear stress. 7 Levesque et al 5 have shown that in vivo, ECs are elongated in regions of high shear stress and rounded in regions of low shear stress. The present study shows that shear stress can dramatically effect alterations in EC shape and the cytoskeleton but cannot induce changes in the duration of the mitotic phases and cytokinesis.
The second noteworthy observation is that after cytokinesis there was significant pseudopod activity, presumably associated with firm reattachment of the cell to the underlying surface. Furthermore, this pseudopod activity always occurred initially at the downstream end of the daughter cell. Thus, for the upstream daughter cell, pseudopod activity occurred in the gap between daughter cells, whereas for the downstream daughter cell, pseudopod activity occurred at the cell edge opposite the gap between daughter cells. It should be noted that dividing ECs in static culture show an even distribution of pseudopod activity around daughter cells after cytokinesis. Although we can offer no explanation for this discrepancy in pseudopod activity between cells in static culture and those in a shear stress environment, it would appear to be clearly related to the direction of flow and thus provides evidence for a flow effect.
Actin distribution is an important event during cell division. A previous study by Sanger, 24 who used kangaroo rat Ptk2 cells, showed four different patterns of actin organization: (1) an interphase pattern characterized by orientation of actin microfilaments parallel to the long axis of the cell; (2) a "rounding-up" pattern, in which bundles of actin fibers disappeared and a diffuse staining formed; (3) a furrow pattern, in which actin was concentrated mainly in the cleavage furrow; and (4) pattern. The presence of actin in the cleavage furrow during cytokinesis agrees with the role of actin in the "sliding filament" type of cell cleavage. In the fourth pattern, actin is found mostly at sites of pseudopod growth. Finally, Sanger states that actin patterns may be formed by recycling of intracellular actin instead of localized actin synthesis and breakdown.
Our results on F-actin show a pattern very similar to that observed by Sanger both for dividing cells under shear stress and dividing cells in static culture. Hence, it appears that a dividing EC disassembles a portion of its F-actin microfilament population, which results in cell detachment from the substrate, and then uses the actin to make the cleavage furrow. It could be that an elongated shape is maintained by increased cell attachment to the substrate, ie, the increased amount of fibronectin and redistribution of focal contacts. 18 -M It is also difficult to speculate on the role of F-actin microfilaments that connect the dividing cell to its neighbors in the maintenance of cell shape throughout the process of division. This description agrees with Sanger's results; however, several questions then arise. For example, if F-actin microfilaments are disrupted during cell division under shear, what part of the cytoskeleton is not disassembled during division? Also, what is the mechanism, triggered by shear stress, which allows cells to divide without disrupting all of their cytoskeleton?
It should be noted that human atherogenesis occurs preferentially in low-shear regions, and high-shear regions, if anything, appear to be protected. 10 In this study, EC monolayers in static culture represent a low-shear region and ECs exposed to a shear stress of 7 N/m 2 represent a high-shear region. From this viewpoint and in the context of atherosclerosis, our observation of the appearance of intercellular gaps between a dividing cell and its neighbors is perhaps of interest. Such gaps appeared to be slightly more pronounced for cells in static culture compared with elongated cells in a flow environment. Chien et al" and Un et al 12 have demonstrated that at the site of EC mitosis in vivo, the endothelium is more permeable to macromolecules, especially at the cell periphery and the site of cell cleavage. In the present study we observed the appearance of an intercellular space during this process; ie, cells undergoing mitosis lost contact with their neighbors, sometimes sufficiently to leave open intercellular space. The rounding of cells implies disruption of cell-to-cell junctions; thus, it would appear that ECs may be unable to perform their normal role as a selective barrier to macromolecules. Full contact between daughter cells and their neighbors was reestablished 1 to 2 hours after the end of cell division. This observation, however, was made only for cells grown on tissue-culture plastic. Hence, we can only speculate about the presence of such intercellular gaps in vivo.
From a biological point of view, the process of cell division is incompletely understood. In this study ECs were observed under both static and flow conditions to better understand how cells divide. Cell division involves a complex reorganization of the cytoskeleton and nuclear apparatus. The former tends to weaken cell adherence to the substrate and neighboring cells, which is normally strong. From a qualitative point of view, we observed that the process of EC mitosis and cytokinesis occurred in a different manner when cells were exposed to shear stress compared with cells in static culture. However, no overall quantitative difference was seen in either the total duration required for cell division or the duration of various mitotic phases. In both cases a cell tended to separate from its neighbors during division.
The current concept is that atherosclerotic lesions may be initiated preferentially in regions with alterations in endothelial function. EC mitosis can have an important effect on permeability of the monolayer to macromolecules, and one can speculate that enhanced cell turnover, ie, a more rapid rate of cell division, is a type of alteration in endothelial function that might be sufficient to allow enhanced entry of large lipoprotein molecules, such as low-density lipoprotein. It is also believed that such regions may be characterized by low shear from a hemodynamic perspective. In this time study, however, we have shown that ECs under flow conditions require, on average, the same amount of time to divide as do cells in quiescent culture. Thus, differences in cell turnover in regions with different flow environments are apparently not due to an effect on cell division but rather to the influence of flow on the cell cycle. Additional results are needed to further understand the process of EC division under shear stress, including a real-time study of actin reorganization in a dividing EC exposed to shear stress compared with that in static culture.
